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Abstract 
The magnetic properties of two-leg ladder compound Ba6Fe8S15 were studied to clarify the magnetic 
state at low temperatures. The 57Fe Mössbauer spectra above 120 K indicate the existence of only a 
single quadrupole doublet, which is consistent with the evidence of one crystallographic Fe site. 
Below 120 K, however, the spectra characterized by two kinds of magnetic hyperfine patterns were 
observed, indicating an existence of complicated magnetic order. These spectra observed down to 4.2 
K were analyzed using one-site model of iron where only the hyperfine field is different from each 
pattern. 
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1 Introduction 
In the early 1970s, new Ba-Fe-S compounds, that is, Ba2FeS3, BaFe2S3, Ba9Fe16S32, Ba7Fe6S14, and 
Ba6Fe8S15, have been interested because of the characteristics of crystal structure [1] [2]. Each 
compound takes crystal structure comprised of FeS4 tetrahedra which are linked by corner and edge 
sharing into chains or columns.  The oxidation state of iron depends on the crystal structure of 
compound and the presence of mixed oxidation state has been expected by stoichiometry in several 
compounds. For example, Ba2FeS3 constructed by infinite linear chains of corner shared tetrahedra has 
Fe(II) and the electrons is localized [2]. However delocalization of electron has been expected in 
Ba6Fe8S15 [2]. 
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In 1990s, on the other hand, the compounds with mixed oxidation state have been of great 
importance in solid state physics. The charge ordering of the manganese atoms in the manganese 
oxides with a perovskite structure induces a metal insulator transition and leads to the well-known 
colossal magnetoresistance. Because this colossal magnetoresistance has been also observed in 
chalcogenide spinels, interest came to be held in chalcogenide compounds [3]. Moreover, the 
discovery of pressure-induced superconductivity in BaFe2S3 has aroused much interest in Ba-Fe-S 
compounds constructed by FeS4 tetrahedra [4].  
In such situation, we pay attention to Ba6Fe8S15 with mixed oxidation state of iron. Ba6Fe8S15 
shows a tetragonal structure (space group I4/m), in which four FeS4 tetrahedra construct Fe4S10 clusters 
[1]. Infinite columns of the tetrahedrally coordinated irons in this cluster can be viewed as one-
dimensional twisted two-leg ladders as shown in Figure 1. There is only one crystallographic iron site 
in Ba6Fe8S15, suggesting that the electron is delocalized and iron ion has an average valence of +2.25 
[1]. Low electrical resistivity and a single quadrupole doublet observed in the Mössbauer spectrum 
were reported by Reiff et al. [2], indicating the delocalization of electrons and intermediate value of 
oxidation of iron. In this report the existence of magnetic ordering at low temperatures was expected 
from the observation of two kinds of magnetic hyperfine patterns at 78 K.  However, Gönen et al. 
reported from the results of susceptibility measurements that this compound shows spin-glass like 
behavior at low temperatures, indicating an existence of only short-range correlations [5]. Therefore, 
the magnetic state of this compound at low temperatures has been controversial. 
To clarify the magnetic state at low temperatures, we synthesized Ba6Fe8S15 and performed the 
magnetization measurement and Mössbauer spectroscopy measurements below 78 K for the first time.   
2 Experimental 
Polycrystalline sample of Ba6Fe8S15 was synthesized by a solid state reaction method. Powder of 
BaS was first synthesized by mixing powders of Ba (purity: 99%) and S (purity: 99.999%) in the 
stoichiometric ratio and firing in an evacuated silica tube at 420 ˚C for 15 hours. Thus obtained BaS 
was mixed with powders of Fe (purity: 99.9%) and S in a ratio of 6:8:9 and fired in an evacuated silica 
tube at 790 ˚C for 48 hours. The sample was then quenched from 790 ˚C to room temperature in water. 
The obtained sample was characterized by powder x-ray diffraction (XRD) measurements utilizing 
RIGAKU Smart-Lab with Cu Kα radiation. 
(a)         (b) 
Figure 1: (a) Crystal structure of Ba6Fe8S15. (b) The columnar
chain of Fe4S10 cluster constructed by four FeS4 tetrahedra. 
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Magnetization, M, measurements under steady fields were done with a MagLabVSM vibrating-
sample magnetometer (Oxford Instruments, U.K.). The temperature, T, and magnetic field, H, ranges 
available with this magnetometer are 1.5 K ≤ T ≤ 300 K and 0 ≤ H ≤ 12 T. 
57Fe Mössbauer spectra were measured in a conventional transmission geometry using a 57Co-in-
Rh J-ray source. A powdered specimen was used as an absorber. The measurements were carried out 
in the temperature range from 4.2 to 293 K. The Doppler velocity scale was calibrated with respect to 
Fe-metal foil. 
3 Results and Discussion  
We performed XRD measurements for our synthesized Ba6Fe8S15. The observed XRD pattern is 
consistent with previously reported one [5]. The calculated and observed XRD patterns for Ba6Fe8S15 
agree well, indicating that our synthesized sample is single-phase material in an accuracy of XRD 
measurement.  
Figure 2(a) shows the temperature dependence of M/H, M(T)/H, of Ba6Fe8S15 measured in H=1 T 
under the field-cooled condition. We also measured M(T)/H under the zero-field-cooled condition. The 
M(T)/H measured in each condition coincides each other. The M(T)/H observed in high temperature 
region shows a small temperature dependence. This behavior is similar to that reported previously [5]. 
However, M(T)/H seems to have a small and broad maximum around 250 K, which may suggest one-
dimensional antiferromagnetic chain system. The M(T)/H increases with the decrease of T below 90 K 
and shows a peak around 15 K. Below 7 K M(T)/H increases again with increase of T. Figure 2(b) 
shows the magnetization curve of Ba6Fe8S15 measured at T=2 K. From this result, it was revealed that 
a magnetic state at low temperatures was not the state like ferrimagnetism where spontaneous 
magnetization was produced. The linear relations of M and H up to 12 T mean existence of the 
antiferromagnetic long-range ordering. These results of our magnetization measurements in low 
temperature region are different from that shown in the previous report where the spin-glass-like 
behavior was observed [5]. Though we cannot explain the cause of the difference in magnetization at 
this stage, we can consider that the antiferromagnetic order is established below 120 K by integrating 
the results of our magnetization measurements with the results of our Mössbauer experiments 
explained below. 
The Mössbauer spectra at several temperatures are shown in Figure 3(a). The spectra above 120 K 
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Figure 2: (a) Temperature dependence of magnetization of Ba6Fe8S15 measured in H=1.0 T under 
field-cooled condition. (b) Magnetization curve of Ba6Fe8S15 measured at T=2 K. 
(a) (b) 
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indicate the existence of only a single quadrupole doublet, which is consistent with the evidence of 
one crystallographic Fe site. The value of isomer shift (G) and quadrupole splitting ('EQ) at room 
temperature, 0.48 mm/s and 0.68 mm/s, are consistent with values reported in the previous 
investigation [2]. The G has intermediate value of Fe2+ and Fe3+, meaning that the oxidation state of 
iron has an averaged value of two Fe3+ and six Fe2+, +2.25. The temperature dependence of G and 'EQ 
are shown in Figure 3(b). Below 120 K, we observed the spectra characterized by two kinds of 
magnetic hyperfine patterns, indicating the construction of complicated magnetic order between 110 K 
and 120 K. Moreover, the magnetic structure is expected to be changed between 4.2 K and 17 K 
because the spectrum obtained in 4.2 K is broader than the spectra obtained in more than 17 K as 
shown in Figure 3(a). It is clear from the result of magnetization measurement showed in figure 2(b) 
that the cause of the broadening is not because spin glass-like magnetic structure appear. Although the 
magnetic structure cannot be determined by this Mössbauer experiments using a powdered sample, 
spiral magnetic structure may be constructed around 4.2 K. 
We analyzed the spectra below 120 K using one-site model not two-site model, because the lattice 
distortion has not been observed in Ba6Fe8S15. In our preliminary XRD experiment at low 
temperatures, the existence of clear structural phase transition is not observed, which means that one 
crystallographic Fe site is realized at low temperature region. In one-site mode G and 'EQ are common 
but hyperfine field (Hhf) are different between two kinds of patterns, S1 and S2, shown in Figure 3(a). 
The ratio of intensities of S1 and S2 patterns is approximately 1:1 in all temperatures below 120 K. 
The temperature dependence of Hhf is also shown in Figure 3(b). As other possibility of the causes that 
two kinds of Hhf occur, existence of cation order may be expected. The ratio of intensities of the 
Figure 3: (a) Mössbauer spectra of Ba6Fe8S15 measured in various temperatures. The solid curves are 
the best fit obtained using Lorentzian line shapes. (b) Temperature dependence of isomer shift (G),
quadrupole splitting ('EQ) and hyperfine field (Hhf). The solid curves are guides to the eyes. 
(a)          (b) 
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patterns corresponding to Fe2+ and Fe3+ states should become 3:1 if cation order exists.  However, the 
existence of the cation order was denied because the ratio is 1:1 as explained above.  
We discuss the magnetic state at low temperature region. As explained above, because the large 
structural phase transition has not been observed, we conclude that the analysis using one-site model is 
suitable. Therefore we consider the physical meaning of one-site model where one crystallographic Fe 
site with the oxidation state of +2.25 makes two kinds of Hhf. Similar behavior has been reported for 
cubic Laves structure compound ZrFe2 [6]. For this compound all irons are crystallographically 
equivalent but two hyperfine patterns were observed in 57Fe Mössbauer experiments. In this report the 
cause that two kinds of different Hhf produce has been thought to be the anisotropy of the magnetic 
hyperfine interaction due to the symmetry of corner-sharing tetrahedral network of iron atoms in ZrFe2. 
Moreover, for BaFe2Se3 with two-leg ladders of irons built by edge-sharing FeSe4 tetrahedra, 
Mössbauer spectra observed in magnetically ordered state have shown the existence of four kinds of 
iron sites [7]. This result has been described by axially symmetric electric field gradient tensor with 
the principal axis making some angle with Hhf. It has been considered that magnetic ordering in 
BaFe2Se3 leads to some atomic position variation though there is only one crystallographic iron site 
above the magnetic transition temperature of 250 K. Although the magnetic structure of Ba6Fe8S15 is 
still unknown, we expect that the similar situation is realized in Ba6Fe8S15.  
In the present work, the magnetic state in Ba6Fe8S15 has been investigated using magnetization and 
57Fe Mössbauer experiments. We found the establishment of magnetic ordering below 120 K. 
Observed Mössbauer spectra below 120 K characterized by two kinds of magnetic hyperfine patterns 
were analyzed using one-site model of iron where Mössbauer parameters except Hhf are common for 
two patterns. In order to clarify the validity of this model and determine the magnetic structure of 
Ba6Fe8S15, we plan to perform crystal structure analysis at low temperatures using a single crystal and 
magnetic structure analysis by the neutron diffraction experiment. 
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